An easy-to-use, rapid, robust and inexpensive technique termed ultrasonic-assisted drop-to-drop solvent microextraction (USA-DDSME) in a capillary tube was used to extract trace phthalate esters in the dipping solution of plastic samples, followed by determination by using gas chromatography-flame ionization detection. Extraction conditions were optimized, including type and volume of extraction solvent, sample volume, extraction time and effect of salt concentration. The method showing the best extraction performance was used to obtain optimized conditions: 20 mL of solution sample; extraction solvent, 5.00 mL of dichloromethane; segments of extraction phase, five equal divisions; extraction time, 10 min; no added salt. The linearity of the method was determined by analyzing spiked water samples over a concentration range of 0.1-300 mg/L. All calibration curves were found to be linear, with correlation coefficients > 0.9965. The limit of detection was 0.02 mg/L. The recovery values were in the range of 68.91 to 124.8% and relative standard deviations were not higher than 14.2%. Thus, the USA-DDSME method is suitable for the extraction of trace phthalate esters in complicated samples.
Introduction
Phthalate esters (PAEs) constitute a group of chemical compounds that are primarily used as plasticizers in plastics industries. As a result of the large quantities produced, PAEs have become environmental pollutants (1 -3) . In recent years, many research articles have appeared that discuss the impact of PAEs on wild animals and humans (4 -7) . Some studies have reported that PAEs exhibit acute or chronic toxicity toward aquatic organisms (8) . Furthermore, some PAEs are classified as suspected carcinogens (9) .
The most common techniques for the determination of PAEs in environmental samples have been gas chromatography (GC) or high-performance liquid chromatography (HPLC). Before being subjected to instrumental analysis, extensive sample preconcentration techniques are always required, such as liquidliquid extraction (LLE) (10) , solid-phase extraction (SPE) (11) , or solid-phase microextraction (SPME) (12, 13) , which introduces considerable levels of PAEs into the sample matrix. Nevertheless, these methods have various disadvantages, such as high costs, wasted time, large quantities of toxic organic solvents and enhanced contamination risks. Liquid-phase microextraction (LPME) is a fairly new method of sample preparation, created by miniaturizing the LLE procedure. Single-drop microextraction (SDME) (14) , hollow fiber liquid-phase microextraction (HF-LPME) (15) and dispersive liquid -liquid microextraction (DLLME) (16) are types of LPME in which analytes are separated and concentrated into tiny amounts of organic solvent to form the sample solution.
In 2006, Wu et al. developed a novel LPME technique, entitled dispersive drop-to-drop solvent microextraction (DDSME) (17) . This method is a simple and rapid sample preparation technique in which the aqueous sample of drop dimension is used for the analysis of target compounds. Economically, the sample volume reduced to a small amount, which is useful for the consumer and the production industry because reduces the cost of the samples. Therefore, DDSME is one of the most interesting and important techniques in this field in recent years (18 -21) . Recently, a novel extraction and pretreatment technique, ultrasonic-assisted (USA)-DDSME, was reported for the first time (22) . This variation of segmented DDSME is conducted in a capillary tube sealed at one end, which increases the contact area of the extraction phase with the sample solution, thus reducing the thermodynamic equilibrium time and increasing the extraction efficiency. Moreover, the advantage of ultrasonication is utilized in USA-DDSME to extract target compounds in aqueous samples. This method is more simple, convenient and efficient than other DDSME methods. In the present work, USA-DDSME is applied for the separation and preconcentration of PAEs from aqueous sample. The capillary tube, sealed at one end, was filled with 20 mL of aqueous sample by using a microsyringe. A 5.00 mL volume of dichloromethane, used as extracting solvent, was taken in a 10 mL syringe and added in five separate segments at equal distances over the length of the aqueous sample. The capillary was sealed with aluminium foil, placed in an ultrasonicator for 10 min and centrifuged at 2,500 rpm for 5 min. A 1.00 mL aliquot of the settled organic solvent drop was injected into the GC-flame ionization detector (FID) for analysis.
Experimental

Chemicals and materials
Standard grade PAEs ( purity . 98%), including dimethyl phthalate (DMP), diethyl phthalate (DEP), dibutyl phthalate (DBP), di-2-ethylhexyl phthalate (DEHP), were purchased from Dr. Ehrenstorfer (Augsburg, Germany). Stock standard solutions of PAEs were prepared in methanol at a concentration of 10 mg/mL and stored in glass-stoppered bottles in a refrigerator at 08C. Working solutions were prepared by diluting stock standard solutions with ultrapure water. Dichloromethane (CH 2 Cl 2 ), carbon disulfide (CS 2 ), chloroform (CHCl 3 ) and carbon tetrachloride (CCl 4 ) were of chromatographic grade and purchased from Merck (Darmstadt, Germany). All other chemicals were of analytical grade and used as received. Ultrapure water was obtained from a Simplicity Personal Ultrapure Water System (Millipore, Bedford, MA).
Instrumentation
Chromatographic analysis was performed on a Shimadzu GC-14C gas chromatograph equipped with a split/splitless injector and an FID (Shimadzu, Tokyo, Japan). An Rtx-50 fusedsilica column (30 m Â 0.25 mm i.d.) with 50% phenyl and 50% methyl polysiloxane was used (film thickness 0.25 mm; Restek, Bellefonte, PA). High purity nitrogen (99.999%) was used as carrier gas (1.0 mL/min) and make-up gas (30 mL/min). The instrumental temperatures were as follows: injector temperature, 2808C; detector temperature, 3008C; initial oven temperature, 808C for 1 min, increased to 1608C (held 5 min) at a rate of 208C/min, increased to 2808C at a rate of 108C/min and held for 5 min. Hydrogen and air were used as detector gases at 48 and 450 mL/min, respectively. The inlet was operated in splitless mode (1 min) and the injection volume was 1.00 mL. Shimadzu Clarity software was utilized to control the system and to acquire the analytical data.
USA-DDSME procedure A diagram of USA-DDSME is shown in Figure 1 . USA-DDSME was performed in a capillary tube (length 2.5 cm, i.d. 1.1 mm) with one end sealed. An aliquot of a 20 mL mixed standard solution containing a certain concentration of PAEs was added to the capillary tube by using a 50 mL microsyringe. A 5.00 mL volume of organic solvent (CH 2 Cl 2 ) was added to five separate segments at equal distances in the solution by using a 10 mL microsyringe.
The capillary tube was sealed with aluminium foil, which was used only once. The tube was placed in an ultrasonic cleaner and ultrasonicated for 10 min. After extraction, the capillary tube was centrifuged at 2,500 rpm for 5 min to let the organic solvent settle to the bottom and 1.00 mL of the organic solvent was withdrawn and injected into the GC-FID for analysis. The chromatogram is shown in Supplementary Figure 1 .
Sample analysis
The USA-DDSME method was developed to determine trace PAEs (DMP, DEP, DBP and DEHP) in the dipping solution of plastic samples. Samples of plastics, including unused breakfast bean milk cup, bean milk bag and preservation film, were washed with ultrapure water and dried in the atmosphere of the room. Packaging material samples were prepared by cutting slices of 5 Â 5 cm, which were washed three times with ultrapure water. According to the National Standard of The People's Republic of China (GB/T 23296.1-2009), the dipping solution of plastic samples was prepared by using the methods of heating reflux extraction and soaking extraction. One method is to immerse the plastic samples into 50 mL of ultrapure water and operate heating circumfluence at 1008C for 4 h; another is to immerse the plastic samples into acetic acid solution (3%, w/v) at room temperature for 10 days. The dipping solution was produced after filtering. USA-DDSME was operated under the optimum conditions.
Results
Optimization of extraction conditions
Selection of extraction solvent Five kinds of solvents, including CH 2 Cl 2 , CS 2 , CHCl 3 and CCl 4 , were investigated as the possible extraction solvents, and the results are in Figure 2 . As shown in Figure 2 , CH 2 Cl 2 presented the Figure 1 . Sketch diagram of USA-DDSME procedure: the sample solution is added to one end of a sealed capillary tube by using a microsyringe (Step 1); the organic solvent is added in five separate segments at equal distances into the solution (Step 2); the capillary tube is sealed with aluminum foil and ultrasonicated (Step 3); the capillary tube is centrifuged to allow the organic solvent to settle to the bottom (Step 4); 1.00 mL of the organic solvent is withdrawn and injected into the GC -FID for analysis (Step 5). best overall extraction efficiency toward the PAEs. Therefore, CH 2 Cl 2 was used as the extraction solvent in this experiment.
Volume of extraction solvent
To investigate the effect of the volume of extraction solvent, the other conditions were unchanged and the effect of the volume of CH 2 Cl 2 in the range of 3.00 -8.00 mL was tested. The results are demonstrated in Figure 3 .
Volume of sample solution
The effect of the volume of the sample solution was also investigated. The results (Figure 4) show that the peak areas of phthalate esters increased significantly in the range of 5-20 mL and no obvious increase was obtained after 20 mL. The results indicated that 20 mL of sample solution was suitable in this work.
Extraction time
To investigate the influence of extraction time on USA-DDSME, the extraction time was optimized in the range of 0 -20 min. The results, illustrated in Figure 5 , showed that the relative peak areas increased with the extraction time up to 10 min. After 10 min, the extraction system basically reached a steady state and no dramatic increase in the relative peak areas was observed with additional extraction time. Therefore, an extraction time of 10 min was selected for subsequent experiments.
Segments of extraction phase
To investigate the influence of segments of the extraction phase, 5.00 mL of organic solvent was injected and segmented into five equal segments in 20 mL of a water sample in a capillary tube; the results are shown in Figure 6 . As shown in Figure 6 , the extracted quantity greatly increased with increased segments of the organic solvent. Therefore, five equal segments of the extraction phase were chosen for further experiments.
Salt effect
The influence of salt on the system was investigated by adding various amounts of sodium chloride (NaCl) in a series of concentrations (0, 5, 10, 15 and 20%, w/v). As shown in Figure 7 , the chromatographic peak areas of the analytes decreased with the increase of the contents of NaCl in the tested range. In the following experiments, no salt was added to the samples.
Analytical performance
The analytical performance was at studied at the previously described conditions. Several experiments were conducted to determine analytical characteristics such as linear range, precision, reproducibility and detection limits for the method; the results are listed in Table I .
Real sample analysis
The USA-DDSME method was developed to determine trace PAEs (DMP, DEP, DBP and DEHP) in the dipping solution of three plastic samples (unused breakfast bean milk cup, bean milk bag and preservation film), and the detection results of PAEs in all sample solutions are shown in Table II . Figure 8 shows the chromatograms of PAEs in the dipping solutions [ pure water ( Figure 8A ) and 3 % acetic acid ( Figure 8B) ] of bean milk cup sample before (curve a) and after (curve b) spiking with 10.0 mg/L of a mixed standard solution of PAEs.
Discussion
The selection of an appropriate extraction solvent is a major task for the USA-DDSME process. The criteria for a good extraction solvent are as follows: (i) density higher than water density; (ii) low solubility in water; (iii) high extraction capability for analytes of interest; and (iv) good chromatographic behavior. Based on these requirements, CH 2 Cl 2 was used as the extraction solvent in this experiment.
In the USA-DDSME procedure, the volume of extraction solvent is a crucial parameter that has an important effect on analytical signals. Based on the results (Figure 3) , it was very difficult to withdraw the extraction agent from the capillary tube by using a microsyringe when the volume of extraction agent was less than 5 mL. On the other hand, when the volume of extraction agent was more than 5 mL, the concentration of analytes in the extraction agent decreased with an increase of extraction solvent volume, resulting in a decrease of peak areas. For further experiments, 5 mL of CH 2 Cl 2 was chosen.
The sample solution volume has great effects on the extraction efficiency of USA-DDSME. The original amount of the analytes increased with an increase in sample solution volume, leading to an increase of the amount of extracted analytes, and thus, an increase in their concentrations in the organic solvent. The results (Figure 4 ) indicated that 20 mL of sample solution was suitable in this work.
Sufficient extraction time is necessary to attain equilibrium of the analytes between the aqueous and extraction solvents. An extraction time of 10 min was selected for subsequent experiments. Figure 7 . Effect of salt concentration on extraction efficiency. Extraction conditions were the same as in Figure 2 , except for the concentration of salt. In USA-DDSME, an increase in segments of the extraction phase reduced the thermodynamic equilibrium time and increase extraction efficiency because of the increased contact area between the extraction phase and the sample solution. As shown in Figure 6 , five equal segments of the extraction phase were chosen for further experiments.
The concentration of electrolytes directly affects the distribution ratio of analytes between the aqueous and extraction solvents. The ionic strength of the sample solution had a negative effect on the extraction performance.
As shown in Table 1 , acceptable linearity was observed for all analytes, with the correlation coefficient (r 2 ) values ranging from 0.9965 for DBP to 0.9997 for DEHP. The linearity of the method was determined by analyzing spiked water samples over a concentration range of 0.1 -300 mg/L for all investigated PAEs. The limits of detection (LODs) were calculated by comparing the signal-to-blank of the lowest detectable concentration to a ratio of 3. The LOD was 0.02 mg/L.
These results (Table II) indicated that DMP and DEP were not found, and DBP and DEHP were all found in the dipping solution of the plastic samples. The recovery values for the spiked samples were in the range of 68.91 to 119.7% and relative standard deviations (RSDs) were not higher than 14.2%.
Conclusions
A novel USA-DDSME approach was successfully demonstrated for the extraction of PAEs from small droplets of aqueous sample. The efficiency of USA-DDSME was significantly improved by adding 5.00 mL of CH 2 Cl 2 in five separate segments at equal distances over 20 mL of the aqueous sample in a capillary tube. This variation of segmented DDSME conducted in a capillary tube sealed at one end increased the contact area of the extraction phase with the sample solution, which reduced the thermodynamic equilibrium time and increased the extraction efficiency. Moreover, the advantage of ultrasonication was utilized in USA-DDSME to extract target compounds in an aqueous sample. The proposed method is simple, effective and environmentally friendly for the separation and preconcentration of PAEs in plastic samples. Additionally, it is a low-cost technique because it uses small amounts of solvent and sample solution throughout the experiments.
